In plants, water flows from roots to leaves through a complex network of xylem conduits. The xylem architecture is characterized by the conduit enlargement towards the stem base and the multiplication of conduits near the apices of lateral branches. The xylem architecture of a small ash tree was analysed by measuring the vessel hydraulic diameter (Dh) and number (N) at different heights along the stem and branches. Along the stem, Dh and N increased from the apex to the point of crown insertion. Below, Dh and N decreased and remained constant, respectively. In branches, the Dh and N of apices increased with distance from the ground (PL) (P < 0.001 and P < 0.0001, respectively), indicating that apical resistance (R APEX ) becomes lower in the most peripheral branches (P < 0.0001). At the level of branch nodes along the stem, the total conductive area (AC) of the stem and branches just above the node was 11% higher than that of the stem just below the node (P = 0.024), whereas the conductivity (Kh) remained invariant above and below (P = 0.76). The difference in AC (ΔAC) between the branches and stem above each node increased with the distance of the node position from the stem apex (L). The xylem architecture of the analysed tree was characterized by anatomical modifications likely aimed at equilibrating the different path length effects on the hydraulic resistance of the different branches. Conduit tapering and multiplication seem to play a crucial role for the achievement of equal hydraulic resistance of all the leaves in the crown.
Introduction
Water has a crucial role for the metabolism of all organisms on Earth. In plants, it acts as the electron donor during photosynthesis, but the largest amount is evaporated through the stomata when carbon dioxide diffuses into the mesophyll. The water flow inside a plant is generated by the surface tension between the air in the substomatal cavities and the liquid wetting the mesophyll cells. This tension is transferred down along the branches, stem and roots, where water is absorbed from the soil (Tyree 2003) . The transpiration rate of a unit leaf, and thus the water flow rate supplying it (F, m 3 s −1 ), can be described by the Darcy's law equation:
where ΔΨ is the difference of water potential (MPa) between leaves and rootlets and K is the hydraulic conductance (m 3 MPa −1 s −1 ). Since flow (F) must be substantially conserved in any portion of the xylem, the integration in the Darcy's equation (Eq. (1)) of the anatomical features of xylem conduits determining the hydraulic conductivity (Kh, i.e., K per unit length) (Hagen-Poiseuille's law) gives
where η is the dynamic viscosity of water, d the conduit diameter, Δz i the conduit length and ΔΨ i the difference in water potential between the top and the base of the conduit. It follows that the pattern of how tension is distributed from leaves to rootlets strongly depends on the hydraulically related anatomical traits of xylem conduits (i.e., size and number) and on their 3D organization (e.g., independent vs. redundant-integrated pathways). Considering the theoretical case of a bundle of conduits connecting a single leaf to a single rootlet, since the transpiration rate (E, i.e., water flow) must be conserved along the pathway, the less that Kh varies along the longitudinal axis (i.e., variations in conduit number and diameter), the more the water potential varies with the path length. According to Eq. (2), the hydraulic conductivity (Kh) of a single conduit is the same as 256 conduits of the same length but only four times smaller in diameter. This means that variations in conduit size along the root-to-leaf hydraulic pathway are much more effective than those in conduit number in determining variations in total xylem conductance. In real trees, most of the hydraulic resistance due to the path length is concentrated within the first metre from the apices of both stem and branches (Yang and Tyree 1993, Petit et al. 2008) . This is a hydraulic configuration substantially derived from a precise pattern of conduit size along the longitudinal axis (Petit et al. 2008) . Along the main stem, the diameter of xylem cells increases from the apex downwards (to the stem base and to the rootlets) basically following a power trajectory
(L is the distance from the apex). The rate of this variation (i.e., the scaling exponent b, commonly called degree of tapering) was found to vary little in trees of different size and species (Anfodillo et al. 2006 , Weitz et al. 2006 , Coomes et al. 2007 , Mencuccini et al. 2007 , Petit et al. 2008 , 2011a . In the whole-tree hydraulic system, where the different rootto-leaf pathways are 'grouped' at the stem base and split at every branching generation, all leaves should perform at the same metabolic rate if water can be evenly delivered in all parts of the crown and the microclimatic conditions (e.g., light intensity, vapour pressure deficit, etc.) of each leaf are substantially invariant. Since water flows preferentially through pathways of minor hydraulic resistance, it is reasonable to assume that this condition is achieved by means of a precise 3D organization of xylem conduits determining the condition of equal resistance of all the root-to-leaf pathways. On the contrary, with no architectural organization of the entire xylem, water would discriminate against leaves connected to pathways of major resistance. Although conduit tapering is an anatomical design that effectively mitigates the effect of path length on total hydraulic resistance (Becker et al. 2000a, Petit and , still the latter is always slightly higher for longer pathways (Mäkelä and Valentine 2006) . Because real trees generally present a morphological architecture where the distance from the stem base is shorter for those apices connected to lateral branches of the lower crown, a question arises on the kind of anatomical modifications to the xylem transport system that can be adopted so as not to make the most distal leaves hydraulically disadvantaged compared with those of lower branches.
At least two different patterns of anatomical traits were reported to effectively lessen the apical resistance: a reduction in conduit tapering towards the apex, with a decrease in the rate of narrowing the lumina of xylem cells distally (i.e., wider apical conduit diameters) (Petit et al. 2008) , and an increase in conduit number towards the apex (i.e., conduit multiplication) (McCulloh et al. 2004 (McCulloh et al. , 2010 .
In addition, known mechanisms of compartmentalization of hydraulic pathways likely represent alternative/additional strategies that trees can adopt to guarantee an appropriate water supply to all leaves. The subdivision of xylem cells into fibres and vessels in angiosperm species would seem to favour the hydraulic independence of the different root-to-leaf pathways (known as compartmentalization or sectoriality) and hence of the different sectors of the crown (Ellmore et al. 2006 , Espino and Schenk 2009 .
The aim of this work was to shed light on the whole-tree hydraulic organization in a small tree measuring the number and size of all cells of one tree ring. The hypothesis to be tested was that a plant can play around some anatomical features of the xylem architecture, like conduit size (and thus tapering) and number (i.e., multiplication), in order to substantially guarantee the condition of equal hydraulic resistance of all the root-to-leaf pathways (i.e., equal water supply to all leaves of the crown).
Material and methods
An exemplar of common ash (Fraxinus excelsior L.) was selected from a small patch of young ash trees inside a mixed montane forest with a predominance of larch (Larix decidua Mill.) and spruce (Picea abies Karst.) trees. The site was located at 1100 m a.s.l., near the Center for Alpine Research of the University of Padova (San Vito di Cadore, BL), in the Dolomites (Easter Alps, Italy). A sample tree was felled at the end of the growing season (September 2010). The tree was of substantial health, with the absence of macroscopic biotic and abiotic damage, and presented a monopodial-like branching architecture with a total height (H) of 6.3 m and a diameter at the stem base (D base ) of 3.4 cm.
Along the main stem, 22 branching nodes were identified and wooden disks were extracted a few centimetres above and below. Lateral branches were sampled only below the last apical node of each secondary ramification and at the branch base (i.e., a few centimeters from the point of insertion into the main stem) (Figure 1 ). Two lateral branches were too short to be sampled at the base. Apices were sampled at the top of the previous-year shoot to avoid the developmental lag between cambial reactivation and secondary xylem development in the current shoot (Joyce and Steiner 1995) .
Overall, 36 apices, 39 wood disks of the stem and 32 of branch bases were sampled and measured.
For each sampling point, the distance from the apex (in branches, the distance from the most distal apex) (L) and the distance from the stem base (path length, PL) were carefully measured.
Due to the large amount of cells to be measured, only the last annual ring was considered for the hydraulically related anatomical analyses. Notably, ring porous species, like common ash, substantially confine the sap flow to the outermost xylem (Ellmore and Ewers 1986) .
Anatomical measurements
Entire wooden disks (or smaller blocks when the cross section of disks was larger than ~1 cm 2 ) were embedded in paraffin (Anderson and Bancroft 2002) ; transverse sections of 15-25 µm were then cut with a rotatory microtome, stained with safranin (1% in water) and fixed permanently on microscope slides with Eukitt (BiOptica, Milan, Italy). Slides were observed at ×20 magnification under a light microscope (Eclipse 80i; Nikon, Tokyo, Japan) equipped with a digital photo camera, and digital images of the outermost ring were carefully taken. For each image, anatomical parameters were measured using WinCell software (Régent Instruments Inc., Sainte-Foy, QC, Canada). Notably, for each sampling point, the total area of the outermost ring was analysed. Vessel identification was facilitated by using a size threshold of variable magnitude depending on the sampling position and hence on the average vessel size (i.e., a consequence of conduit tapering). No shape filters were used to distinguish vessels from tracheids. The total number of vessels (N) was counted and their mean hydraulic diameter (Dh), which weights the contribution of each vessel to the total cross-sectional conductance, was assessed as (Kolb and Sperry 1999 )
where d n is the nth conduit diameter. Moreover, only for the apices of both stem and branches, an estimate of the resistivity (i.e., resistance per unit length calculated over the total cross-sectional area: Rh) was obtained by combining data of conduit number and area, according to Eq. (2) (cf Petit et al. 2011b ).
Statistical analysis
The scaling parameters of the power equations used to fit the data were determined from pairwise comparisons of log 10 -transformed data. Using reduced major axis (RMA) analysis, the scaling exponents and allometric constants were identified as the regression slopes (b-RMA) and y-intercept (a-RMA), respectively. Regression coefficients and their 95% confidence intervals were computed by standard methods (Sokal and Rohlf 1981 ) using a bootstrap procedure with 100,000 replications (Davison and Hinkley 1997) .
Results

Stem anatomy
Analyses of the anatomical traits of the xylem transport system of the main stem revealed a clear organization in accordance Equi-resistance principle of the xylem transport system 173 Figure 1 . Scheme of the sampling protocol. Sampling points along the stem: above and below each node, plus other points along internodes. L is the distance of each point from the stem apex. Sampling points in lateral branches: branch base (dotted line) and all the apices (solid circles) derived from that branch. PL is the distance from the branch apex to the stem base (i.e., path length). UP depicts those sampling points above a node (section above in the stem plus bases of branches inserting laterally) whose variables (Dh, N or Kh) are grouped for comparison to those of the point below (DOWN; see Figure 5 ). with the axial length (i.e., tree height). Both conduit number (N) and hydraulic diameter (Dh) increased with the distance from the apex (L) following a power trajectory until the point of crown insertion (Figures 2 and 3, respectively) . The fitting equations are reported in Table 1 .
Dh varied from 81 µm measured 2 cm below the previous year apex (L = 14 cm) to 142 µm 4 cm below the point of crown insertion (at L = 417.5), and further down slightly and progressively decreased along the remaining length (210.7 cm) to 130 µm at the stem base (Figure 2) .
The number of vessels (N) varied from 207 measured at L = 14 cm to 658 below the point of crown insertion. Between this point and the stem base (i.e., the last five sampling points), N no longer clearly varied with L, showing contextually a certain variability (averaged N = 595; s = 32.5) (Figure 3 ).
Branch anatomy
The anatomical features of xylem conduits around the apices of lateral branches showed that the most distal leaves are supplied with water through pathways characterized by a higher number and bigger size of apical conduits. Patterns of increase in apical Dh and N (Dh APEX and N APEX ) with the distance from the stem base (i.e., the path length of water transport, PL) were found to be substantially significant. Both relationships were best fitted with power functions (Figure 4a and b ; Table 1 ).
The combined effect of Dh and N at the branch apices on the hydraulic properties of the whole xylem transport system was evaluated by estimating the theoretical apical resistivity (Rh) and by analysing it in relation to PL. Apical Rh of branches (Rh APEX ) was lower in the most distal parts of the crown, and decreased with PL according to a power function (Figure 4c ; Table 1 ).
Since branch apices were sampled at slightly different distances from the relative end of the terminal shoot, apical conduit number and diameter might have been partially affected by some shoot length effect. Nevertheless, integrating this effect in the analysis by multiplying Rh APEX by the sampling distance from the relative branch apex (RL APEX ), the relationship remained significant ( Table 1) .
Branch/stem interactions
In order to investigate the architectural organization of the xylem at the branch junctions, Dh, N and the total area of vessels (i.e., the conducting area, AC) were investigated for how they differed below and above each branching point (i.e., node) along the main stem. It emerged that AC above each node (i.e., the sum of vessel areas of stem and branches above the node) was on average higher by 11% than below each node (paired t-test: t = 2.45; P = 0.024). Despite this substantial increase in total AC with tree height (H), the estimated total cross-sectional conductance (conductivity, Kh) above and below each branching junction did not differ significantly ( Figure 5 ) (paired t-test: t = 0.31; P = 0.76). In addition, just above the branching nodes along the stem, the difference between the AC of the stem and the total AC of branches significantly increased with the distance from the stem apex (L) ( Table 1) .
Discussion
The results depicted some features of the whole-tree xylem architecture that likely have great importance in the economy and efficiency of the entire hydraulic system.
The anatomical traits of the xylem architecture of the main stem seemed to respond not only to the effect of axial length Table 1 ). The vertical dotted line shows the point of crown insertion. The inset shows data on a log-log scale. Table 1) . The vertical dotted line shows the point of crown insertion. The inbox shows data on a log-log scale.
Downloaded from https://academic.oup.com/treephys/article-abstract/32/2/171/1656536 by guest on 02 November 2018 (i.e., the dependence of the distance from the apex, L), but also to the distribution and position of lateral branches. Both conduit diameter (Dh) and number (N) increased along the main stem from the apex until the point of crown insertion following a power trajectory and departed from this pattern further down. Within the crown, the observed rate of increase in conduit size with L was in the range of those reported in the literature (b = 0.21) (Anfodillo et al. 2006 , Weitz et al. 2006 , Coomes et al. 2007 , Mencuccini et al. 2007 , Petit et al. 2008 , 2011a , 2011b . This pattern was shown to be an effective architectural design to reduce the path length (i.e., tree height) effect on the total hydraulic resistance (Becker et al. 2000b , Petit et al. 2008 . Below the point of crown insertion, Dh slightly and progressively decreased towards the stem base. This frequently observed phenomenon can find different interpretations, being either the effect of the increased biomechanical constraints towards the base (Spicer and Gartner 2001) , the achieved maximum conduit size (Anfodillo et al. 2006 , Petit et al. 2010 ) or a precise design that optimizes carbon net gain (Mencuccini et al. 2007) .
The increase in conduit number down the stem could be explained as the merging of vascular bundles belonging to the Equi-resistance principle of the xylem transport system 175 Table 1 ). The inset in (c) shows data on a log-log scale. stem and lateral branches. The tree can be simplified as being composed of a set of root-to-leaf vascular bundles that split at every branching generation according to the real branching morphology. In this sort of 'pipe model' (Shinozaki et al. 1964 , West et al. 1999 , Savage et al. 2010 , conduits can vary in size and number along each bundle. Here, the relative variations in conduit size and number are hypothesized to be aimed at maintaining an equal hydraulic resistance of each root-to-leaf bundle irrespective of its total length. When all the bundles are merged together, that is at the lowest branching point (point of crown insertion), the number of conduits should remain constant until the stem base (Figure 3 ). In the lateral branches, the analyses of the anatomical features of the apices were aimed at testing whether the observed patterns reflect a compensation mechanism for the effect of the different bundles' length on the relative path resistance. Given the tapered axial pattern of conduit size and number, apical conduits represent a hydraulic bottleneck that greatly affects the total bundle resistance and, in turn, the potential for photosynthesis and axial elongation (Petit et al. 2011b) . Therefore, the observed increase in vessel diameter and number at the apices of lateral branches with longer path length (i.e., longer distance from the ground) (Figure 4a and b) would seem to support the hypothesis that anatomical differences in branches are functional for the maintenance of an overall equal hydraulic resistance between each bundle. In other words, all the leaves within the crown would be potentially supplied by the same water flow rate, thus supporting the hypothesis that the leaf-specific conductivity in different leaves of the crown should be approximately the same. This should hold true when environmental conditions, particularly light intensity, do not vary much within the crown, like the case of our sampled tree. In addition, it can be hypothesized that the changes in conduit size and number to support the water delivery to the main stem apex go beyond the equiresistance to favour this portion of the crown, thus representing a potential expression of the apical dominance of trees with monopodial architecture.
Some basic information that seemed to emerge from this study is that the whole-tree hydraulic architecture can be distinguished in a primary structure of the main stem, i.e., the longest path length, and the different secondary paths of lateral branches distributed along the trunk. The primary structure can be supposed to be the one dictating the hydraulic properties to which all the other branches must adapt. It can be hypothesized that one tree develops according to a state of hydraulic equilibrium that regulates xylem anatomy and axial elongation of branches. Although the mechanism behind the regulation of this equilibrium could not be detected with this study, the observed patterns of increasing size and number of apical conduits in the most peripheral branches would seem to support this hypothesis. Studies reporting patterns of increased hydraulic constraints in very tall trees (Koch et al. 2004 , Woodruff et al. 2004 , Burgess and Dawson 2007 would suggest that the capacity of a tree to maintain such a hydraulic equilibrium within the crown is, naturally, limited. However, hydraulic features aimed at maintaining the condition of equiresistance must also cope with the surrounding microenvironment (i.e., light, temperature, wind, etc.), which can substantially vary along very different heights in tall trees.
The architectural organization of the xylem transport system was found to be characterized by the conservation of the total cross-sectional resistance across branching nodes. This configuration was associated with a general increase (11%) in the total conducting tissues (AC) above each branching node. Given the tapering of conduits along the main stem and the overall smaller vessels of branches, this consequently reflected an overall slight increase in conduit number distally (i.e., multiplication). In addition, at the level of branching nodes, an increase in the difference in conductive tissues (ΔAC) between stem and branches with increasing distance from the stem apex (L) was observed. These observations indicate the presence of a hydraulic bottleneck at every branch junction that becomes narrower with increased distance from the stem apex (L).
These results seem to indicate an important role played by conduit multiplication of branches in regulating the whole-tree hydraulic equilibrium. It has been argued that conduit elements should increase in number distally; xylem architecture should be designed to maximize the hydraulic conductance for a given carbon investment and follow Murray's law, that is the conservation of Σd 3 at any branch generation (McCulloh et al. 2003) . Empirical observations supported the hypothesis that Murray's law holds true only when conduits do not provide for mechanical stability (McCulloh et al. 2004 , McCulloh and Sperry 2005 .
Our results suggest that conduit multiplication increases in the most peripheral branches. Since the hydraulic/mechanical role of vessel elements should not consistently vary within the same individual, with exclusion of eventual zones of reaction wood, we hypothesize that the different patterns of conduit multiplication in the same tree are functional to the achievement of the same hydraulic resistance of all the root-to-leaf pathways. Together with the increase in apical conduit diameters, it can be hypothesized that multiplication represents a mechanism of re-equilibration of the hydraulic properties between the different parts of the crown.
In conclusion, our study provided empirical support to the hypothesis that woody plants build up a network of conduits designed for the achievement of an equal water supply to all leaves. Due to different lengths of the root-to-leaf paths, plants seem to use conduit tapering (mainly in the stem) and conduit tapering plus multiplication (mainly in the branches) for building pathways with similar path length resistances.
